MATERIALS AND METHODS
Sample collection, processing, and screening for coronavirus RNA. Fecal samples from European hedgehogs (Erinaceus europaeus) kept in an animal shelter in northern Germany because of poor physical condition or injuries were sampled noninvasively and stored in RNAlater (Qiagen, Hilden, Germany) at Ϫ20°C until further investigation. For the initial CoV screening, fecal samples of 10 individual animals were pooled. RNA purification and CoV detection using two different nested reverse transcription-PCR (RT-PCR) assays targeting the RNA-dependent RNA polymerase (RdRp) gene were done as described previously (16, 20, 21) . Individual specimens in positive pools were identified using a strain-specific real-time RT-PCR (oligonucleotide sequences available upon request) based on the nucleotide sequences obtained from sequencing of initial PCR amplicons. For phylogenetic analyses, sequences from the PCR screening assays were extended to an 816-nucleotide (nt) RdRp fragment (22) . In addition, carcasses from 27 hedgehogs that died in the animal shelter during their stay were collected and stored at Ϫ20°C until dissection. Samples from the brain, heart, lung, liver, kidney, spleen, and intestine were taken. The intestines of five additional CoV-positive animals were cleaned and dissected in 10 portions taken in equal intervals immediately after the stomach and until the anal orifice.
Blood was sampled from inside the heart and urine from inside the bladder by puncture of these organs before removal. Quantification of viral RNA was done using strain-specific assays and photometrically quantified in vitro cRNA transcripts as described previously (10, 23) .
Whole-genome sequencing. RNA extracts of two positive samples were determined and prepared for 454 next-generation sequencing (NGS) as described previously (24, 25) . Sequences obtained from 454-NGS were reproduced on individual samples and connected by long-range reverse transcription-PCR using specific oligonucleotide primers (available upon request). Determination of the 5= and 3= genome ends was done using a rapid amplification of cDNA ends kit (Roche, Penzberg, Germany). PCR products were sequenced by dye terminator chemistry (Seqlab, Goettingen, Germany).
Genome analyses. The nucleotide sequences of the genomes and the amino acid sequences of the presumed open reading frames (ORFs) were compared to other c clade betacoronaviruses for which full-length genome sequences were available. Nucleic acid alignments were done based on the amino acid coding using the MAFFT algorithm (26) in the geneious software package (Biomatters, Auckland, New Zealand). Phylogenetic analyses of the extended screening fragments, as well as the presumed ORFs, were done using MrBayes version 3.1 (27) using a WAG amino acid substitution model and 4,000,000 generations sampled every 100 steps. Trees were annotated using a burn-in of 10,000 in TreeAnnotator version 1.5 and visualized with FigTree version 1.4 from the BEAST package (28) . The pairwise identities of all ORFs and predicted proteins of the two Erinaceus CoVs (EriCoV) were calculated using MEGA5 (29) . Similarity plots were generated using SSE version 1.0 (30) using a sliding window of 400 and a step size of 40 nucleotides.
Virus isolation attempts. Isolation of virus from those specimens containing the highest RNA concentrations was attempted on Vero E6 cells, which are known to support MERS-CoV infection (31) . In addition, immortalized kidney cells of a Pipistrellus bat and immortalized lung cells from Crocidura suaveolens from the animal order Eulipotyphla were used for isolation attempts (our own unpublished cell lines).
Serology. Blood samples obtained during dissection of the 27 hedgehog carcasses were tested for antibodies against MERS-CoV using a commercially available indirect immunofluorescence assay (IFA; Euromimmun AG, Lübeck, Germany) with slight modifications. A rabbit antisuncus immunoglobulin G (IgG) adapted for cross-recognition of hedgehog Ig was used as a secondary antibody at a 1:200 dilution. Detection was done with a cyanine 3-conjugated goat anti-rabbit IgG (Dianova, Hamburg, Germany). Virus neutralization tests against MERS-CoV were done as described previously (32) . Briefly, blood samples were serially diluted from 1:20 to 1:2,560 in serum-free medium, mixed with 100 PFU, and preincubated for 1 h at 37°C before being added to a Vero B4 cell monolayer. After adsorption for 1 h at 37°C, the serum-virus mixture was discarded and fresh medium (Dulbecco's modified Eagle's medium) was added to the cells. Cytopathogenic effects were visualized 3 days postinfection by fixation and staining with crystal violet solution.
Nucleotide sequence accession numbers. The four virus sequences obtained from European hedgehog fecal samples were deposited in GenBank with accession numbers KC545383 to KC545386.
RESULTS AND DISCUSSION
Fecal specimens from 248 European hedgehogs (Erinaceus europaeus) were tested for CoVs by broad-range nested RT-PCRs. This approach yielded four different virus sequences. These sequences (GenBank accession numbers KC545383 to KC545386) were classifiable as clade c betacoronaviruses in initial BLAST comparisons and were named Erinaceus CoV (EriCoV). Within EriCoVs, two different clades separated by 3.1 to 3.4% nucleotide distance in an 816-nt RdRp fragment were identified. Figure 1 type viruses HKU4, HKU5, and MERS-CoV were 7.7 to 8.8% in the translated 816-nt RdRp fragment. The distance from the Nycteris CoV was 8.5 to 9.2%. In our previous proposal to tentatively classify CoVs into RdRp-grouping units (RGU), which are predictive of species classification, betacoronavirus species were at least 6.3% different on the amino acid level in this sequence fragment (22) . EriCoVs therefore represented a novel tentative betacoronavirus clade c species.
For an estimate of EriCoV prevalence and an assessment of viral RNA concentrations, all specimens were retested using strain-specific real-time RT-PCR assays. EriCoVs were now detected in 146 of 248 individual specimens (58.9%). Viral RNA concentrations were high, with a mean of 7.9 log 10 copies per ml of fecal suspension (range, 4.2 to 11). Isolation of virus was attempted unsuccessfully on three different cell lines for those specimens containing the highest RNA concentrations.
The high detection rate and virus concentrations in feces appeared compatible with replication in the intestine. Therefore, 27 hedgehog carcasses were dissected and the intestines were tested using specific real-time RT-PCR assays. EriCoV RNA was found in intestinal specimens from 12 of these 27 animals (44.4%). The difference in detection rates between feces and intestinal specimens was not statistically significant (corrected 2 ϭ 1.5, P ϭ 0.2). The data in Fig. 2A show that intestinal virus concentrations in these 12 animals were high, 6.78 log 10 mean RNA copies per gram of tissue (range, 3.9 to 11.8). The mean virus concentrations in all other solid organs, urine, and blood from these 12 animals were at least 10-fold lower. This and the high EriCoV detection rate in feces might be compatible with a fecal-oral route of transmission. Furthermore, the high EriCoV concentrations were compatible with virus replication in the intestinal tract. This was comparable to viruses replicating in the human gut, such as Aichi, rota-and noroviruses (33) . We could not determine if infection was associated with clinical disease in hedgehogs. While gastroenteritis caused by CoVs is not rare in animals (34) , intestinal virus replication could also be asymptomatic or associated with nonenteric disease, similar to, e.g., human enteroviruses (35) .
Because only small fragments of the intestine of the initial 27 animals had been collected upon dissection, it was impossible to determine in which portion of the gastrointestinal tract the virus might replicate. Therefore, five additional EriCoV-positive intestines were identified by testing of 10 additional hedgehog carcasses. The entire intestines of these animals were cut into 10 equal-sized pieces starting from the stomach, and EriCoV RNA concentrations were determined in each portion. The data in Fig. 2B show that the highest concentrations were detected in distal (aboral) parts. The virus concentrations in these sections were significantly higher than those toward the stomach (Mann-Whitney U test, P Ͻ 0.005). This was comparable to the higher PCR positivity rates in aboral than in oral intestine sections in a previous study on Leschenault's rousette bats fed CoV-positive tissue from other bats (36) .
To determine antigenic relatedness to MERS-CoV, hedgehog sera and secondary anti-suncus immunoglobulin (Ig) were adapted for use with a commercially available MERS-CoV IFA. At a serum dilution of 1:10, 13 of 27 (48.2%) blood specimens were reactive. The median IFA endpoint titers were 1:100 (range, 1:10 to 1:400). The images in Fig. 3 exemplify the IFA reaction patterns of positive and negative sera. To analyze whether the observed antibodies were indeed directed against MERS-CoV, all IFA-positive sera were tested in a MERS-CoV neutralization assay. None of the IFA-positive sera contained MERS-CoV neutralizing antibodies in dilutions higher than 1:20. This was compatible with cross-reactivity of anti-EriCoV antibodies with MERS-CoV, which they bound but did not neutralize, similar to cross-reactive anti-HCoV antibodies in humans (37, 38) . The high frequency of EriCoV infection and the absence of other CoV sequences in hedgehogs in our study could indicate that all detected antibody titers were indeed specific for EriCoV. Six of the 13 IFA-positive animals (46.2%) showed concomitant detection of EriCoV RNA, implying that some hedgehogs may have cleared EriCoV infection or that a different CoV hypothetically elicited the observed antibody response. On the other hand, 6 of 12 PCR-positive animals (50%) showed no detectable antibodies, compatible with sampling before seroconversion.
To confirm the RGU-based tentative species classification and to investigate the genetic relatedness between EriCoV and MERS-CoV, one whole-genome sequence was generated for each of the two EriCoV subclades (represented by viruses EriCoV/2012-174 and EriCoV/2012-216). The sizes of the two EriCoV genomes were 30,137 and 30,164 nt, with a GϩC content of 37%. The numbers and locations of EriCoV ORFs, as well as seven transcription regulatory sequences (TRS) preceding them, were characteristic for clade c betacoronaviruses (2, 39) . Figure 4 shows the genome organization of EriCoV and other clade c betacoronaviruses. Table 1 (40, 41) . The predicted AUG codons of ORF3b, ORF4b, and ORF8b were not preceded by separate body TRS elements and may be translated from bicistronic mRNAs, as discussed for other CoVs, including MERS-CoV (39, 42, 43) . In ORF1a/ORF1ab, a ribosomal frameshift was predicted based on the tentative slippery sequence UUU AAAC (indicated by an arrow in Fig. 4 ) (39, 44) . Table 2 provides details on the sizes and genomic locations of the 16 predicted ORF1ab nonstructural proteins (nsp). A separate comparison of the amino acid sequences of seven conserved ORF1ab domains, as suggested by the International Committee on Taxonomy of Viruses (ICTV) for formal CoV species delineation, is shown in Table 3 . The sequence identities of the seven concatenated domains compared to those of other clade c viruses (82.4 to 86.9%) were well below the 90% threshold proposed by the ICTV (41), confirming the presence of a separate new CoV species. Figure 5 shows a comparison of the complete genomic nucleotide sequences of EriCoVs and HKU4, HKU5, and MERS-CoV. The EriCoVs shared 96.9% overall nucleotide identity across the two whole genomes (red line). They were almost equidistant from the prototype clade c betacoronaviruses (orange and pale and dark blue lines). Table 4 summarizes the amino acid sequence identities between the predicted proteins of EriCoV and other clade c betacoronaviruses. The highest amino acid sequence identity between EriCoV and the other clade c CoVs was observed for the membrane protein, with 78.0 to 79.4% identity, and the lowest identity was observed within ORF3a, with 26.7 to 28.9% identity. These values were similar to values found in sequence comparisons between MERS-CoV and the prototype clade c betacoronaviruses HKU4 and HKU5 (41) .
Bayesian phylogenies of all EriCoV ORFs are shown in Fig. 6 . EriCoVs clustered as a sister clade to all previously known batassociated clade c CoVs and MERS-CoV. As in previous sequence comparisons between MERS-CoV and HKU4 and HKU5 (45), different topologies were observed for individual ORFs, in particular the envelope and nucleocapsid genes. While this might indicate ancient recombination, it could as well result from differential selective pressures acting on different genome portions, causing slightly deviating inferences of apical phylogenies in those closely related viruses. Analysis by Bootscans on nearly complete genome alignments identified no obvious signs of recombination.
The failure to isolate EriCoV might predict a low potential to replicate in heterologous host cells, unlike MERS-CoV, which in cell culture shows relatively little host restriction (31) . An analysis of the spike gene sequence indicated that EriCoV cellular entry may differ from that of MERS-CoV, because the receptor binding domain (RBD) of MERS-CoV (46) (47) (48) and the corresponding region of EriCoV showed only 36.7% amino acid identity (88 of 240 residues). Whether the corresponding region in the EriCoV Spike protein can interact with the MERS-CoV receptor dipeptidyl peptidase 4 or its hedgehog-specific homologue remains to be determined (49) . The detailed genomic analysis of EriCoV may facilitate the generation of recombinant clade c viruses once reverse genetic systems for this betacoronavirus clade become available to clarify the zoonotic potential of EriCoV and identify potential virulence factors.
There is close phylogenetic relatedness between the mammalian orders Chiroptera, which includes bats, and Eulipotyphla, which includes hedgehogs (19, 50, 51) . The phylogenetic clustering of EriCoV inside the bat-dominated clade c might hint at an exchange of viruses between bats and hedgehogs in the past, and yet, a divergence of EriCoV from bat CoVs during the formation of the eulipotyphlan stem lineage cannot be excluded. Further studies on putative CoVs in other insectivorous mammals, e.g., shrews or moles, in addition to CoVs in bats and an expansion of the nidovirus diversity in insects may therefore allow further hints at the evolutionary origins of CoVs. The detection of clade c betacoronaviruses in Chiroptera, Eulipotyphla, and primate hosts (hu- mans) may be compatible with the high replicative capacity of MERS-CoV on different mammalian cell lines (31) and could imply that both bat and nonbat hosts should be investigated to elucidate the origins of MERS-CoV.
